We studied the effects of inbreeding depression and the level of self-compatibility on overall fitness parameters in the invasive species Senecio inaequidens DC. and the native Senecio malacitanus Huter, in plots with and without interspecific competition by natural vegetation. Competition had a stronger effect on fitness parmeters for both species, but it mostly affected the survival of S. malacitanus during the first year, and particularly the survival of individuals issued from inbred crosses. Inbreeding depression decreased the seed production in both species. Summer drought in the second year reduced the fitness of all inbreeding levels, masking the effect of inbreeding.The alien species had a shorter pre-reproductive time, a greater head production, and greater resistance to competition from established vegetation. In addition, a negative relationship was found between inbreeding coefficient and herbivory in the native species only. All these factors may help to explain the invasive ability of S. inaequidens. The magnitude of inbreeding depression and the environmental conditions can thus determine the success or failure of an invasion.
Introduction
Biological invasion is the introduction of species into areas where they were previously absent, the subsequent formation of populations that persist without human intervention, and the expansion of their geographical range (Mack 1996) . As invasive species can have a detrimental effect on ecosystems (e.g., Vitousek and Walker 1987; Mack et al. 2000) , as well as a negative economic impact (Pimentel et al. 2000) , many studies have tried to explain the biological and ecological traits that confer a species with its invasive behaviour (e.g., Noble 1989; Lodge 1993; Kolar and Lodge 2001; Sakai et al. 2001) , as well as the characteristics of habitats that are more susceptible to invasion (e.g., Levine and D'Antonio 1999; Lonsdale 1999; Prieur-Richard and Lavorel 2000) . However, it remains unclear which traits determine the invasive ability of a species; this may be because different combinations of traits favor invasiveness in different habitats (Alpert et al. 2000) .
Self-compatibility is one of the attributes thought to render invasive ability to plants, as it assures reproduction with a low number of individuals, or even a single individual, in a newly founded population. Baker's Law (Stebbins 1957; predicts that colonizing species tend to be self-compatible, although there are many exceptions to this rule, as many colonizers show a high degree of self-incompatibility (Price and Jain 1981; Abbot and Forbes 1993; Imbert et al. 1996; Cheptou et al. 2002; Lafuma and Maurice 2007). The incompatibility system not only prevents selfing, but also mating between close relatives that have inherited the same incompatibility type (Richards 1997) . In self-incompatible introduced species, bottlenecks can also cause the loss of allelic variation at the selfincompatibility locus (or S-locus), which decreases the probability of cross-compatible mates in the new range (see De Mauro 1993 and Reinartz and Les 1994) .
Although the reproductive assurance may represent a strong selective pressure for the evolution of self-fertilization in colonization events (Brown and Burdon 1987) , in the evolution of mating systems, the ecological advantage of self-reproduction has a genetic drawback: inbreeding depression. This is the reduction in overall fitness of inbred offspring, compared with outbred offspring, which is caused by mating among genetically similar individuals (Lloyd 1979; Charlesworth and Charlesworth 1987) . During the invasion, populations of invading species may go through frequent founder episodes with initially few individuals (Barrett and Richardson 1986 and references therein) . When a species first arrives at an area previously unoccupied by its conspecifics, it passes through a genetic bottleneck, thus reducing genetic variability (Amsellem et al. 2000) . The genetic pool of the invading population is a subsample of the original genetic pool (Abbot and Forbes 1993) , and this may cause inbreeding depression through mating among genetically related individuals (biparental inbreeding). However, theoretical and empirical studies have shown that consanguineous mating owing to bottlenecks contributes to the purge of deleterious mutations (Lande and Schemske 1985; Charlesworth et al. 1990 ), reducing the magnitude of inbreeding depression (Kirkpatrick and Jarne 2000) .
Therefore, if a successful invading species has been founded by a small number of individuals, the spread of the species throughout the new range could imply that it has purged its deleterious genetic load under the assumption that inbreeding depression occurs because of deleterious mutations rather than overdominance. In this case, an invasive species could have a less significant inbreeding depression and be more self-compatible than a similar native species that has not suffered any strong bottleneck. Furthermore, Johnston (1992) remarks that the level of inbreeding depression in a population should evolve with the selfing rate. In addition, during the invading process, densities of populations can be very high, as was the case of one of studied species, Senecio inaequidens DC. In this type of situation, biparental inbreeding depression also contributes to purging.
Furthermore, the magnitude of inbreeding depression may also vary according to environmental conditions (Cheptou et al. 2000a (Cheptou et al. , 2000b . During succession, environmental conditions can change dramatically over the course of a few years, causing the extinction of pioneer species through the increase in competition from species that establish themselves later. Colonization and invasion processes usually occur in the early stages of ecological succession. Invading alien species usually establish themselves in recently disturbed habitats with low levels of competition. But as succession continues, environmental conditions change and this can affect the fitness of the invader. At this point, as competition increases, inbreeding depression may become more important than in the first stages of succession (Cheptou et al. 2000b ). It has been demonstrated that environmental stress (competition, resource availability, predation, etc.) can play an important role in the successful establishment of alien species (Alpert et al. 2000) .
Some invasive alien species appear to perform better than their native congeners in the invaded range, especially in favorable conditions (Perrins et al. 1993; Rejmánek and Richardson 1996; Thébaud et al. 1996; Radford and Cousens 2000; Grotkopp et al. 2002; Gerlach and Rice 2003) . Therefore, it is interesting to compare pairs of species that show contrasting invasive behavior, within the genus, to avoid any differences owing to phylogeny or life-history (Watson and Casper 1984; Marshall et al. 1986; Radford and Cousens 2000) . In this study, we compared the effect of mating among closely related individuals on the fitness of the offspring of two species from the genus Senecio: the alien invader S. inaequidens and its native congener Senecio malacitanus Huter. These are similarly shaped dwarf-shrubs that grow in ecologically similar habitats, although they do not coexist because the alien species has not yet reached the geographic range of the native. Fitness was measured at different life stages and under two contrasting successional situations, (i) a recently disturbed habitat, with no established vegetation (i.e., no competition), and (ii) a mid-advanced stage of succession with established herbaceous perennial vegetation.
This experiment addressed the following questions. 1. Is the alien species more self-compatible than the native species? 2. Does competition with established vegetation reduce the fitness of the individuals? Is this reduction more important in the native than in the alien species? 3. Is the magnitude of inbreeding depression greater in the native species than in the alien? 4. What role do environmental conditions play in inbreeding depression within each species?
Materials and methods

Study species
We chose two morphologically similar, congeneric species with the same perennial life-history, from the genus Senecio (Asteraceae). These species are also ecologically similar: they colonize wasteland and disturbed places such as railroad and road margins, recently abandoned fields, and seasonal rivers, but they differ in the structure of their populations and the range of their distribution area. The alien, S. inaequidens, is a dwarf shrub from eastern South Africa, where it colonizes rocky slopes and gravelly river beds. It has invaded many ruderal habitats in South Africa, Australia, and South America. Senecio inaequidens was accidentally introduced to Europe at the end of the 19th century via sheep wool (Ernst 1998) . Today, it is widespread across western Europe and during the last 20 years has been expanding towards the south of continental Europe. Senecio inaequidens is an important invasive species in Europe (López-García and Maillet 2005) . It forms dense populations in the aforementioned disturbed localities. The species was considered a weed in the vineyards of the southern France and northern Spain, as well as in road ditches, and in grazing meadows where it is unpalatable to livestock López-García and Maillet 2005) . During the last few decades it has started to cause serious problems in naturally disturbed habitats . It can be classified as a novel, invasive coloniser, according to . The native S. malacitanus is a dwarf shrub limited to the southeastern Iberian Peninsula and the Maghreb, under semi-arid climate (<350 mm/year; INM 2001) . It forms very sparse populations in disturbed ''rambles'' (seasonal rivers), and other nearby disturbed places. It can be classified as a successional coloniser (sensu . The two species display their yellow flower heads in a corymbose inflorescence and are insect pollinated. Their florets are protandrous and they mature in a centripetal manner in the seed head.
Field sampling
Two populations of each species were harvested to obtain the seeds from which we grew the plants for the controlled crosses. In each population we harvested the seed heads from five individuals that grew more than 10 m away from each other, to reduce the probability of sampling genetically related plants. Seeds from a single individual were considered to be half-siblings (only sharing their mother), as any given plant is likely to have been pollinated with pollen from several donors. In spring 2000, seeds were harvested from an abandoned Quercus suber L. plantation at Cantallops (Catalonia, near the eastern Spanish-French border; Universal Transverse Mercator (UTM) zone 31T, 0492E, 4695N), which was heavily invaded by S. inaequidens (hereinafter population C). Five plants from this population constituted the five S. inaequidens mothers in the experiment. Seeds from a second population were sampled from a road margin at El Figaró (40 km from Barcelona, Catalonia, Spain; UTM zone 31T, 0439E, 4619N), and 5 plants were used for between-population crossings (hereinafter population F). As the number of populations of S. inaequidens is limited in northeast Spain, both populations were carefully selected to assure that they were representative of the ecological status of S. inaequidens. For S. malacitanus, the two populations were harvested from different locations in the Rambla del Rambutjar; one near ''El Sabinar'' (hereinafter population S, UTM zone 30S, 0712E, 4261N), the other near Sant Vicent de Raspeig (hereinafter population SV, UTM zone 30S, 0716E, 4255N); both near Alacant (Spain), but several kilometres apart. Five individuals from population S constituted the five mothers in the experiment, whereas five plants from population SV were used for between-population crossings. The structure and ecology of selected populations of S. malacitanus were similar to the other populations, and both belong to a large metapopulation. In September 2000, seeds were germinated on moist filter paper and the seedlings were transplanted into pots and moved to a greenhouse, to make the controlled crosses.
Crossing design
First generation (G 1 )
In October 2000, we transplanted four half-siblings from each of the five mothers from each species (populations C and S) to a greenhouse bench in the Experimental Field Services at the University of Barcelona. The bench was covered with a fine mesh to exclude pollinators. We also transplanted five additional individuals from populations F and SV, to perform between-population crosses. Each individual was self-pollinated, crossed with its three halfsiblings, crossed with one individual at random from each of the other four maternal families, and crossed with two individuals at random from the other population. In S. inaequidens, three out of four half-siblings from one maternal family either did not flower or flowered too late for testing, so we only performed the crosses among the four remaining families. We obtained an inbreeding gradient with F = 0.5 in selfing individuals (Wright's inbreeding coefficient, Wright 1922) , F = 0.125 in the half-sibling crosses, and F = 0 in the between family crosses. Crosses between populations (also F = 0), were performed to test for possible heterosis owing to deleterious alleles fixed by genetic drift in the populations (Carr and Dudash 1996) .
Second generation (G 2 )
During the spring of 2002, we performed a second generation (G 2 ) of crosses from the descendants of G 1 . Owing to the high number of crosses involved, we randomly selected three families from each species. From each family, we selected the descendants from two individuals crossed with their half-siblings because G 1 -selfed individuals did not produce a sufficient number of seeds. To perform the controlled crossings and obtain six levels of inbreeding, two descendants from each half-sibling and several plants from the external population were grown in the greenhouse. The inbreeding gradient obtained for the various crosses was as follows. Self-pollinations (F = 0.56); between full-siblings (F = 0.312); between half-siblings (F = 0.234); between distant cousins (F = 0.062); between unrelated individuals from different families within a population (F = 0); and between populations (F = 0).
In the first (G 1 ) and the second (G 2 ) generation of crosses, each cross type was repeated at least two to three times for each maternal individual and, self crosses in particular, were made repeatedly to obtain a sufficient number of seeds. All pollinations in the G 1 and G 2 crossing design were performed by collecting pollen from 12 heads of the same plant in a Petri dish, then pouring the pollen onto a receptive flower head and distributing the pollen over the head with a small paintbrush. As florets in a head start maturing from the outer to the central part of the head, and are proterandric (i.e.: the stamens maturing before the stigmas), we pollinated the heads when the central florets showed open stigmas, assuming that all flowers in the head had receptive stigmas.
Despite the fact that more families of each species would be desirable to gain power analysis, important experimental constraints lead to adjust our experimental procedure to five families per species: (i) a large amount of pollen (from 12 heads from the same plant) was required for each pollination; (ii) crosses were performed only when enough pollen from donors was available and the pollinated head had receptive stigmas, for this reason a strong flowering synchronization between plant donors and pollinated plants is needed; (iii) a great number of crosses were performed, especially to obtain seeds by selfing; (iv) between 300 and 350 crosses per species per year were necessary to have an inbreeding gradient; and (v) it was not possible to perform more then 700 crosses during the functional flowering time.
Ripe heads were carefully removed from the plant and individually bagged. We counted the number of achenes and the number of florets that did not bear fruit. Several non-manipulated flower heads were also checked for seed production to test for spontaneous self-pollination.
Effects of inbreeding on fitness components
The effects of inbreeding were analyzed according to seed production (proportion of florets that set an achene), survival, growth, and seed head production of the progeny. The inbreeding depression in the usual sense ( = 1w s / w o where w s and w o are the fitness of selfed and oucrossed progeny, respectively) is not quantified because of the low seed production from self-pollinations.
To analyze the effect of inbreeding on the mothers' seed production, we calculated the proportion of well-developed viable seeds over the total number of florets in all crossed heads.
The effects of inbreeding on survival, growth, and seedhead production of the descendants were evaluated at the Experimental Field Services at the University of Barcelona, under two treatments, each simulating a contrasting stage of succession. As we obtained few seeds from the selfpollinations, this group was not considered in the analysis of these parameters in G 1 or in G 2 . In one treatment, plants were introduced into a disturbed environment with no established vegetation, simulating a recently abandoned field. This was created by ploughing and periodically removing the vegetation. In the second treatment, we left the naturally occurring vegetation (dominated by Urtica urens L., Lactuca serriola L., Dactylis glomerata L., Lolium rigidum Gaudin, Chenopodium album L., Amaranthus blitoides S. Wats., and Convolvulus arvensis L.), and transplanted turfs from a Mediterranean pasture dominated by Brachypodium phoenicoides (L.) Roemer & J.A. Schultes, to simulate a more competitive stage in the succession. The experimental design consisted of four blocks (5 m Â 10 m) with two plots each (5 m Â 4.5 m), 1 m apart from each other; one without vegetation (NV, no vegetation) and the other with established vegetation (V), totaling eight plots (four for each treatment). Temperature and rainfall data for the 2 years of the study were obtained from the nearest meteorological station, Observatori Fabra, and provided by the Meteorological Service of Catalonia (Government of Catalonia).
First generation (G 1 )
Seeds were germinated on moist filter paper and then transplanted into small pots on a greenhouse bench. When they had four to six leaves (March 2001), seedlings were transplanted into the experimental field. Each treatment plot was divided in two subplots, and each was assigned to one species. Next, we transplanted two plants (each from a different half-sibling), of each of the three inbreeding levels and three families, with an interplant separation of 0.5 m, to avoid intraspecific competition. There were 18 plants per species in each block: 1 descendant Â 2 mothers (half-siblings) Â 3 families Â 3 breeding types. Transplanting was performed in March 2001.
Second generation (G2)
The descendants of G 2 were germinated on moist filter paper and transplanted to small pots in the greenhouse. When they had four to six leaves (April 2003), they were transplanted into the experimental fields described above. We transplanted two descendants of each individual and cross type for each family and species at random in each plot. Only descendants of crosses between full-siblings, half-siblings, distant cousins, and populations were used, to minimize the number of plants transplanted (owing to limited available space). Therefore, there were 48 plants of each species in each block: 2 descendants Â 2 mothers (half-siblings in G 1 ) Â 3 families Â 4 breeding types.
Survey
Plants were surveyed weekly or bi-weekly for mortality and flowering. The causes of mortality were recorded and attributed to predation or to desiccation. No predation was detected during the first generation. However, snail and slug predation occurred in G 2 . Signs of predation in all living plants were recorded during the first month at four levels: nonpredated; slightly predated (less than 50% of leaves eaten or with signs of predation); heavily predated (more than 50% of leaves eaten); or killed by predation. When slug infestation became particularly detrimental to S. malacitanus in the treatment with established vegetation, a molluscicide (Helimat LD, Kenogard S.A., Barcelona) was applied to avoid a high mortality rate, which could have potentially ruined the experiment.
Flower heads were counted and removed in August and again at the end of the experiment, to evaluate the total seed-head production of each plant. At the end of the experiment (37 weeks after transplanting in G 1 , and 28 weeks after transplanting in G 2 ), all surviving plants were harvested and the aboveground dry mass evaluated after oven-drying at 60 8C for 48 h.
Analysis
As the probability of a floret setting an achene follows a binomial function, seed production was analyzed by a generalized linear model, with binomial distribution of errors and the logit link function (Genmod procedure in SAS statistical software; SAS Institute Inc., Cary, N.C.). Each species was analyzed independently, and inbreeding level (selfing, halfsiblings, between-family, and between-population) and family were entered into the model as independent variables. All seed heads within an inbreeding level and family were pooled together (summed) to produce a sample large enough for the binomial analysis. Post-hoc comparisons between inbreeding levels were performed with the least-squares means method of SAS (LSMEANS). Comparisons between the two species were also performed with a generalized linear model using the logit link function. The relationship between the inbreeding coefficient (f) and the percent seeds / seed head was analyzed by linear regression with the pooled data of G 1 and G 2 . Survival curves were calculated using the productlimit method and compared with the Wilcoxon statistic (Peto and Peto 1972) . Where significant differences were found, post-hoc pairwise comparisons between inbreeding levels were performed calculating the Z statistic from the Wilcoxon variance-covariance matrix (Fox 1993) . Predation was analyzed as a multinomial response at four levels (death by predation / heavily predated / slightly predated / non predated), and a generalized linear model with the cumulative logit link function and multinomial distribution of errors was used to analyze the effect of vegetation and inbreeding level (GENMOD procedure in SAS). Post-hoc multiple comparisons were performed by calculating a Wald 2 statistic (computed using the contrast statement of the GENMOD procedure).
The number of flower-heads was analyzed only for those individuals that flowered before dying, and those individuals that survived to the end of the experiment but did not flower were considered to produce no heads. As plants were collected to analyze biomass, we did not know whether those individuals would have flowered later; therefore, we made the assumption that we were analyzing the total production of heads during the first growing season. The number of heads was transformed with the natural logarithm of n + 1, which normalize the data, and a split-plot ANOVA was performed for each species separately with the succession stage simulated as the whole-plot factor and inbreeding level and family as the split-plot factors. Post-hoc multiple comparisons of means were performed with the least significant difference test (LSD). Analyses for each species and treatment were also performed separately to clarify the results of the overall ANOVAs. Another split-plot analysis was performed to compare the species, without taking into account inbreeding levels (which were only marginally significant), with succession stage as the whole-plot factor, and species as the split-plot factor. The same analyses were performed to the log-transformed values of biomass of the individuals that survived until the end of the experiment.
Results
Temperature and rainfall
Total yearly precipitation and mean temperature did not differ between the 2 years, but there were strong differences in the distribution of rainfall between 2001 and 2003, especially for the summer period. Accumulated precipitation for June, July, and August was 100.4 mm in 2001, mainly due to the high values of precipitation during July, but it was only 35.6 mm in 2003 (Fig. 1) .
Proportion of florets setting seed
The proportion of florets that set an achene (hereinafter seed production) in G 1 varied significantly with inbreeding level for both species ( 2 3 ¼ 26:90, p < 0.001 for S. inaequidens; 2 3 ¼ 41:99, p < 0.001 for S. malacitanus). Compared with outbred individuals, seed production was significantly lower in self-crossed plants for both species. Those bred from half-siblings also suffered a reduction in seed production, which was significant for S. malacitanus (Fig. 2) , and marginally significant for S. inaequidens (LS-means difference test between half-siblings and between-family 2 1 ¼ 3:54, p = 0.056, and between half-siblings and between-population 2 1 ¼ 3:36, p = 0.067). Between-family and between-population crosses did not differ in seed production. Comparing species at each inbreeding level separately, we detected significant differences in seed production in the unrelated crosses (interfamily and inter-population), as S. malacitanus produced more seeds than S. inaequidens (Fig. 2) .
In G 2 we also found significant differences between inbreeding levels ( 2 5 ¼ 19:26, p < 0.01 for S. inaequidens; 2 5 ¼ 36:62, p < 0.001 for S. malacitanus). Again, selfcrossed plants produced significantly less seeds in both species, while for crosses between full-siblings this reduction was only marginally significant (Fig. 2) . In contrast with G 1 , we only found significant between-species differences for self-crossed plants: S. inaequidens produced more seeds than S. malacitanus, whereas for the other inbreeding levels there were no differences between the two species.
The relationship between inbreeding coefficient (f) and the proportion of florets in G 1 and G 2 (Fig. 3) showed a smooth linear gradient. There were no differences between slopes of the two species (F [1, 8] = 0.43; p = 0.53).
There were no significant differences between maternal families in either generation in either species. Control nonpollinated heads did not produce seeds in either species, in either year.
Survival curves
Competition with established vegetation produced a reduction in survival in G 1 for both species (S. inaequidens: 2 1 ¼ 25:06, p < 0.001; S. malacitanus: 2 1 ¼ 47:75, p < 0.001). However, in G 2 , competition had no effect on S. inaequidens survival ( 2 1 ¼ 1:21, p = 0.27), although it remained detrimental to S. malacitanus ( 2 1 ¼ 14:47, p < 0.001; see also Fig. 4 ). Comparing the survival curves between species in each succession stage separately, we found no differences under the control treatment, while survival was lower for S. malacitanus under the treatment with established vegetation in G 1 ( 2 1 ¼ 12:59, p < 0.001) and in G 2 ( 2 1 ¼ 11:82, p < 0.001). No effect of inbreeding level was found in G 2 in either succession stage, and in G 1 the only significant effect was for S. malacitanus under the treatment with established vegetation ( 2 2 ¼ 7:19, p < 0.05). Post-hoc pairwise comparisons for this species and treatment showed no differences between the survival curves of the half-sib offspring and the between-population offspring, while the between-family offspring survival curve was the highest.
Seedling predation of the G 2 plants
Seedling predation affected S. malacitanus significantly more than S. inaequidens in both succession stages ( 2 1 ¼ 199:75; p < 0.01 for the treatment with established vegetation and 2 1 ¼ 14:49; p < 0.01 for the treatment without vegetation). Furthermore, in S. malacitanus, predation was significantly more intense in the plots with established vegetation than in the plots without vegetation ( 2 1 ¼ 135:16; p < 0.01; Table 1 ). In the presence of vegetation, a significant effect of inbreeding level was detected ( 2 3 ¼ 12:32; p < 0.01), owing to a lower proportion of predated individuals among the descendants of betweenpopulation crosses (Fig. 5 ).
Aboveground dry mass
Regardless of inbreeding level, S. inaequidens achieved a significantly higher end-of-trial aboveground dry mass than S. malacitanus for both generations (F [1, 170] = 67.65; p < 0.0001 in G 1 and F [1, 88] = 34.55; p < 0.0001 in G 2 ). The vegetation treatment also led to a significant decrease in final dry mass for both species in the two generations (F [1,3] = 281.6; p < 0.001 in G 1 and F [1,3] = 66.91; p < 0.01 in G 2 ). However, the effect of succession stage on dry mass was stronger for S. malacitanus than S. inaequidens, as shown by the interaction between the factors species and succession stage (F [1, 170] = 28.66; p < 0.0001 in G 1 and F [1, 88] = 11.88; p < 0.001 in G 2 ). Species-specific ANOVAs revealed inbreeding level to be marginally significant in G 1 for S. inaequidens (F [2,73] = 3.00; p = 0.056; Fig. 6 ), as the dry mass of S. inaequidens progeny from half-siblings was the lowest in the plots without vegetation, followed by betweenfamily and lastly between-population ( Fig. 6) . Although it was not statistically significant, the same pattern was found in the plots with established vegetation for G 1 (Fig. 6 ). There were no significant differences in G 2 (F [3, 30] = 0.87; p = 0.47). Nevertheless, the interaction succession stage Â family Â inbreeding level was also significant (F [4,73] = 2.64; p < 0.05), showing that there was some variability between families in response to inbreeding and competition. In contrast, inbreeding level had no significant effect Fig. 2 . Mean (±SE) of the proportion of flowers that produced viable seeds during the first (left) and second (right) generation of crosses of Senecio inaequidens and S. malacitanus. Different letters above columns indicate significant differences between inbreeding levels within a species with LS-means test. Asterisks show significant differences between species for the same inbreeding level. Auto, self pollinated; HS, crossed with a half sib; FS, crossed with a full sib; Cou, crossed with a cousin; Fam, crossed with an individual of a different family; Pop, crossed with an individual of another population. Fig. 3 . Effects of inbreeding coefficient on the percentage of seeds per seed head for the first (G 1 ) and second generation of crosses (G 2 ), see text for details. Open circles represent the means of Senecio inaequidens and filled circles the means of S. malacitanus. Regression lines are not significant different (p > 0.05).The equation for the common line is the following: percent seed/seed head = 49.9-83.9f; (r 2 = 0.80, F[1,18] = 71.5, p < 0.001).
on final dry mass in S. malacitanus in G 1 (F [2,60] = 0.60; p = 0.55), although it was significant under the control treatment in G 2 (F [3, 24] = 3.34; p < 0.05; Fig. 6 ). In the analysis of G 2 , only the control plots were analyzed, as there were no surviving plants from some inbreeding levels in the plots with vegetation. Overall, individuals from between-population crosses had the highest dry mass. In this species, there were significant differences between families (F [2,60] = 1.92; p < 0.01), and all interactions between family, inbreeding level, and succession stage (until the 3rd level interaction), were highly significant (p < 0.01), showing that final dry mass response to competition and breeding was heterogeneous across families.
Head number
The cross-species comparison revealed that S. inaequidens produces significantly more seed-heads than S. malacitanus (F [1, 170] = 36.80, p < 0.0001 for G 1 and F [2,423] = 89.50, p < 0.0001 for G 2 ). Established vegetation significantly reduced seed-head production in both species (F [1, 3] = 54.79, p < 0.01 for G 1 and F [2, 3] = 79.44, p < 0.01 for G 2 ). Furthermore, in G 1 for S. malacitanus, the interaction between succession stage and family was also significant in the speciesspecific ANOVA (F [2, 60] = 4.11, p < 0.01), demonstrating a family-dependent response to competition from established vegetation. In the species-specific ANOVAs, inbreeding level was significant in the first generation for S. inaequidens (F [3, 73] = 3.62, p < 0.05), as was the interaction between succession stage and inbreeding level (F [2,73 = 4.70, p < 0.05); the latter revealing a differential effect of vegetation on plants with different degrees of inbreeding. Neither inbreeding level nor any of its interactions were significant in S. malacitanus (Fig. 7) , but significant differences between families were detected in this species (F [2, , 60] = 4.37; p < 0.05), and also in the effect of succession stage on each family (interaction succession stage Â family 
Discussion
Our results showed that there were important differences between the two species studied, particularly with respect to the fitness of the native S. malacitanus, which was lower that the exotic S. inaequidens. Four main factors affected the fitness of the two species in this experiment: inbreeding depression, competition with established vegetation, drought stress during the summer, and seedling predation by molluscs. These factors interact, and are subject to strong interannual variation, especially the water stress period.
The role of inbreeding depression
Inbreeding depression can act in different ways at different stages of the plant life cycle (Husband and Schemske 1996) . Despite the fact that it is difficult to differentiate the effect of inbreeding depression from that of selfincompatibility in the self-pollination treatment, the smooth decrease of seed fertility according the inbreeding coefficients (Fig. 3) , suggest that inbreeding depression can be responsible of this decrease. In the first generation, we found a significant decrease in seed production for S. malacitanus in the crosses between half-sibs compared with that of the nonrelated crosses, whereas no differences between crosses were found for S. inaequidens. The comparison between species shows that seed production in the nonrelated crosses is higher in the native S. malacitanus than in the invasive species, S. inaequidens. This difference between species is not significant in the second generation of crosses; however, we still detected a slight decrease in seed production in the crosses between half-sibs and especially between full-siblings in both species, though it is only marginal. The effect of inbreeding depression on survival of seedlings was only significantly detected under the vegetation treatment during the first generation (first year of study) and only in S. malacitanus. The relevance of competition in the effect of inbreeding in the native species confirms other experimental observations where the magnitude of inbreeding depression varies with the environment (Schemske 1983; Uyenoyama et al. 1993; Nason and Ellstrand 1995; Cheptou et al. 2000b; Armbruster and Reed 2005) . During the second year of study we did not find any effect of inbreeding depression on survival in either species or treatment. This was due to the high mortality caused by harsh environmental conditions during summer, which likely masked the effect of inbreeding level. Furthermore, for S. malacitanus, the heavy herbivory in plots with established vegetation also contributed to the mortality of plants.
A slight reduction in growth and reproduction owing to inbreeding was detected during the first year of the study (G 1 ) in the invasive species, S. inaequidens, mainly in the plots without vegetation. In contrast, no significant differences between inbreeding levels were found in S. malacinanus in either succession stage in this generation.
Our results show that the inbreeding depression differed between S. inaequidens and S. malacitanus. Although the small number of sampled families limits the possibility to make statements about differences between species, several hypothesis can be proposed to explain the differences in the magnitude of the genetic load between the native and the invasive species. If we accept the partial dominance hypothesis (Charlesworth and Charlesworth 1987) as an explanation for inbreeding depression, we can suggest that highly deleterious alleles were purged in S. inaequidens because of recurrent bottlenecks during the invasion process. Husband and Schemske (1996) remark that most early-acting inbreeding depression is caused by recessive lethals that can be purged through inbreeding. However, there are some mildly deleterious alleles that act later in the plant life cycle that are more difficult to purge (Husband and Schemske 1996) , for example, if they act after flowering. This might be the reason why we detected a slight effect of inbreeding depression later in the life cycle of the invasive species than in the native. Senecio malacitanus may have a load of early-acting deleterious alleles that can cause high pre-reproductive mortality, and therefore we were unable to detect late acting deleterious alleles in this species because inbred individuals were already dead. Indeed, in the autochthonous species S. malacitanus, it appears that the mortality in G 1 is significantly higher for the plants resulting from consanguineous crosses compared with the crosses with a F = 0. This was not the case for S. inaequidens where survival curves were not significantly different.
Although we predicted that the effect of inbreeding depression would be greater in the competition treatment than in the unvegetated plots, this was only demonstrated for the survival of the inbred progeny of S. malacitanus. This species mainly colonizes disturbed, low-competition environments, where early-acting deleterious alleles affecting the Fig. 5 . Proportion of Senecio malacitanus seedlings killed by predation, heavily predated (more than 50% of leaves eaten), slightly predated (less than 50% of leaves eaten or with signs of predation), or unpredated 1 month after transplanting the second generation plants to the vegetated plots. Different letters above columns indicate significant differences between inbreeding levels with a LS-means test. competitive ability may have not been eliminated from the population. Moreover, the effect of the inbreeding depression on the response to competition varied among families in this species, which may reflect that late-acting deleterious alleles may also be still present in some families. On the other hand, although late-acting inbreeding depression was not detected in S. inaequidens, the effect of inbreeding depression on the competitive ability of S. inaequidens was variable at the family level: plants belonging to one family had the highest biomass for the selfed crosses (HS) but the lowest for the between population crosses. Therefore, we found a complex pattern with a strong interaction between the inbreeding coefficient and the environmental conditions. This result has been found by many authors (for instance Holtsford 1996; Dudash et al. 1997; Koelewijn 1998) . The latter considers that this is produced by the differences Fig. 6 . Mean (±SE) end-of-trial individual aboveground dry mass (DM) for descendants of different inbreeding levels in plots with established vegetation and in plots without vegetation for Senecio inaequidens (left) and S. malacitanus (right) after one generation (top) or two generations (bottom) after controlled crosses. Different letters above columns indicate significant (p < 0.05) differences between inbreeding levels for a given vegetation treatment with an LSD test. among families in the number of recessive alleles that they carry as a result of their history of inbreeding. In the case of S. inaequidens, this may enable the invasion success in competitive habitats (i.e., grasslands) after episodes of reduced population size and increased inbreeding levels.
Competition with autochthonous species and environmental stress
Competition with established vegetation had a dramatic effect on fitness for both species during the first year of study. The extreme summer drought in the second year, however, led to very high mortality in plots with or without established vegetation, which may have masked any effect of vegetation. Summer drought decreased the fitness of individuals of both species in the plots without established vegetation, thus reducing the differences between the two treatments. In contrast, during 2001, plants in the plots without established vegetation were more successful than those in the plots with established vegetation, for both species. In that year, the invasive species outperformed the native species in the plots with established vegetation, confirming the superior competitive ability already shown in previous work Garcia-Serrano et al. 2007 ). The effect of environmental stress on the invasiveness of plant species and the invasibility of habitats has already been demonstrated in many studies (see Alpert et al. 2000) . It has also been shown that invaders outperform natives when resources are readily available, but that they do not when resources are scarce (Burke and Grime 1996; Kolb et al. 2002) . Higher competitive abilities of invasive species by comparison with native species have also been shown in several other studies (Perrins et al. 1993; Snyder et al. 1994; Rejmánek and Richardson 1996; Thébaud et al. 1996; Fogarty and Facelli 1999; Radford and Cousens 2000; Bakker and Wilson 2001; Grotkopp et al. 2002; Gerlach and Rice 2003) . These results seem to support the fluctuating resource theory of invasibility , which predicts that the intermittent availability of resources, owing to various causes, interacts in a complex way with availability of propagules in time and space, and makes invasion almost unpredictable.
Herbivory and inbreeding depression
Seedling predation was clearly more detrimental to the native S. malacitanus than to S. inaequidens. However, seedling predation was mostly limited to the plots with established vegetation, which offered a more appropriate habitat for slugs and snails. It has been hypothesized that invasive species are released from the pressure of their native herbivores and parasites in the invaded region (Keane and Crawley 2002; Colautti et al. 2004 ). This release from herbivorous predation can allow a transfer of resource allocation from defense to growth (Blossey and Notzold 1995; Willis et al. 1999; Torchin et al. 2003) , conferring superior competitive ability to invasive species compared with natives Noble 1989; Bakker and Wilson 2001) . However, in our case study, predation was by generalist herbivores native to the invaded region, and differences in predation between the two species suggest that the invasive species might have a greater resource allocation to defense than the native, or at least a more effective defense (Caño 2007 ). It has also been hypothesized that native generalist herbivores are not prepared to attack well-defended invasive species, and therefore herbivory is more important on natives, increasing the competitive ability of the introduced species (Keane and Crawley 2002) . Recent empirical results confirm this hypothesis (Stastny et al. 2005; Thelen et al. 2005) .
Seedling predation during the second year of study was dependent on inbreeding level in S. malacitanus. Actually, descendants from crosses between populations were less predated than the offspring from the other crosses, including the crosses among unrelated families in a population. A possible explanation could be an enhanced protection against herbivores, as a consequence of increased heterozigosity resulting from outcrossing (heterosis). The effect of inbreeding depression on plant-herbivore interactions has rarely been addressed, though it has been found to be related to herbivore pressure in Mimulus guttatus DC., both in greenhouse and field studies (Carr and Eubanks 2002; Ivey et al. 2004) , and in Cucurbita pepo L., where inbreed plants were more damaged than outcrossed plants (Hayes et al. 2004 ). Like competition, herbivory is an agent of environmental stress that can increase levels of inbreeding depression. This can have consequences on the evolution of mating systems, as inbreeding depression is one of the driving forces in this evolution (Charlesworth and Charlesworth 1987) . Specific experiments on this topic should be addressed to clarify the impact of predation on inbreeding depression, but the consequences on the establishment of populations of S. malacitanus may be important.
Breeding systems and seed production
The results regarding seed production after the first and second generation of controlled crossings showed that both species are mainly allogamous. However, both showed a certain degree of self-compatibility, especially S. inaequidens. This trait was not so clear in S. malacitanus in the second generation because seed production of this species by self pollination was very low. This can be an important factor if an invasive species is to colonize new sites with a low number of individuals. Uniparental reproduction is a very useful trait in colonizing species, as it allows a single plant to found a new colony without conspecifics with which to mate . Further, it favors the fixing and fast multiplication of genotypes that are better adapted to the new environment (Stebbins 1957; Allard 1965) . However, in the two species we studied, unmanipulated heads produced no seeds, showing that fertilization is dependent on insect pollinators, and that spontaneous pollination does not occur.
In colonization events, self-compatibility could also be a selective advantage in populations and a partial breakdown of the incompatibility system may be beneficial. In our study, S. inaequidens seems slightly more self-compatible than S. malacitanus. The nature of the incompatibility system in Asteraceae is probably due to multiallelic (S-alleles) sporophytic control (Richards 1997) ; within the genus Senecio it has been well described for Senecio squalidus L. (Brennan et al. 2003) . Although partial self-compatibility has also been demonstrated in both S. squalidus (Hiscock 2000a (Hiscock , 2000b ) and S. inaequidens (Lafuma and Maurice 2007) , as well as in other plant species within Asteraceae that presumably have a sporophytic self-incompatibility system (Cheptou et al. 2000b; Nielsen et al. 2003) , complete breakdown of the homomorphic self-incompatibility system following colonization events has not yet been recorded. However, Aster furcatus Burgess appears to be evolving self-compatibility as a result of bottleneck-induced losses of S-alleles (Reinartz and Les 1994) . Further studies analyzing the breeding system of several populations of S. inaequidens and S. malacitanus will enable us to gain an insight into the evolution of mating-system. Like many other perennials, the two species studied are mainly allogamous. Baker (1974) pointed out that selfing is less frequent in perennial colonizing species than in annual ones, and Price and Jain (1981) confirmed this in a revision of the ecological traits of species in the flora of the British Isles. Morgan et al. (1997) suggested an explanation for the less frequent self-fertilization in perennial plants than in annuals. In a theoretical perennial plant, they showed that the inbreeding depression associated to self-reproduction affected future survival and reproduction in a perennial. Therefore, the reproductive assurance of selfing is counteracted by this late-acting cost, which does not exist in annual plants.
In their review of the genetic traits of invasive and colonizing species, Barrett and Richardson (1986) suggested several solutions to overcome the lack of uniparental reproduction or selfing. For example, the longer life cycle of the species studied introduces the possibility of mating between individuals established as a result of different colonizing events at the same site. The length of the flowering period, especially in S. inaequidens , increases the probability that a pollinator with compatible pollen arrives and pollinates a plant.
Inbreeding, environment, and invasion
When we detected an inbreeding depression effect in the survival of seedlings, it was less important in the invasive species, S. inaequidens, than in the native, S. malacitanus, especially during the initial life stages and in competitive conditions for the first generation of crosses. The mortality of the more inbred individuals of S. malacitanus in the second generation was due to the predation by generalist herbivores. In addition, the higher competitive ability of the invasive species when grown with accompanying vegetation and its earlier flowering compared with the native Garcia-Serrano et al. 2004 ) are important traits that can explain its invasive ability. Furthermore, its higher relative growth rate at the seedling stage (Garcia-Serrano et al. 2005 ) is another trait that may favor the invasive ability of S. inaequidens, as this can help this species avoid competition from other recently established plants. It is also important to note that the fluctuation of environmental conditions can play an important role in the success or failure of an invasion by the invasive species, S. inaequidens; this was supported by the diverse behavior of this species depending on competition and water conditions during the two years of study.
